INTRODUCTION
============

Sleep accounts for one-third of human life and is also an important part of animal life ([@b1-pnfs-22-293],[@b2-pnfs-22-293]). Sleep is a tightly regulated and reversible quiescent state with defined behavior, homeostasis, and electrophysiological characteristics. It is a complex process affected by many factors, including genetic and environmental factors. Sleep is controlled by both homeostatic mechanisms and a circadian clock ([@b3-pnfs-22-293]).

Sleep is essential to rejuvenate the body and promote health and performance, but many people do not get enough. Symptoms of sleep disturbances include difficulty falling asleep, difficulty sleeping, waking up too early, and unrecoverable or poor sleep quality ([@b4-pnfs-22-293]). Hypnotic drugs are often prescribed for long periods to relieve insomnia in insomnia patients, despite recommendations for short-term use. Various side effects of long-term prescriptions make it difficult to effectively treat insomnia ([@b5-pnfs-22-293]). These drugs can easily lead to dependency and addiction. In addition to these side effects, negative effects such as daytime fatigue, headaches, drowsiness, dizziness, depression, and nausea are also possible ([@b6-pnfs-22-293]). As these safety concerns limit the usefulness of these common hypnotic agents, alternative treatments including herbal medicines may be an alternative for many patients with sleep disorders ([@b7-pnfs-22-293]).

The therapeutic effect of medicinal herbs is often an integrative result of various bioactive compounds. Clinically, medicinal herbs are used for insomnia; they usually have no side effects and show excellent therapeutic effects. However, sleep enhancement activity has not yet been experimentally confirmed.

*Drosophila melanogaster* is an important model for analyzing the nervous system, including sleep. *Drosophila* and mammalian sleep have important similarities, such as sleep-related dopamine and γ-aminobutyric acid (GABA) signaling, a circadian rhythm, homeostatic factors, and similar neurological activity ([@b8-pnfs-22-293]--[@b10-pnfs-22-293]). *Drosophila* and mammals also exhibit similar neurological activity patterns when in different arousal states ([@b10-pnfs-22-293]).

Herbal medicine represents one of the most frequently used complementary/alternative treatments for insomnia. In Korea, valerian (*Valeriana officinalis*), jujube (*Ziziphus jujube*), lotus (*Nelumbo nucifera*) seeds, *Gastrodia elata*, *Polygonatum sibiricum*, and baekbokryung (*Poria cocos*) are the most frequently used complementary and alternative treatments for sleep disorders. Therefore, we used a *Drosophila* model to evaluate the sleep enhancement activity of these medicinal herbs.

MATERIALS AND METHODS
=====================

Preparation of herbal extracts
------------------------------

Valerian, jujube, lotus seed powder, *G. elata*, *P. sibiricum*, and baekbokryung were purchased from the Kyungdong market (Seoul, Korea). Herbal medicines were sliced into 1- to 2-cm pieces, and water was added at a 10:1 ratio to the raw material (v/w). Each herb was extracted twice with water at 90±2°C for 3 h. After extraction, the extracted water was filtered through a sieve (Chunggye Sangsa, Gyeonggi, Korea) of 100 mesh (150 μm) and concentrated to 30°Brix. The concentrate was sterilized and spray-dried to provide an extract powder.

Fly stocks
----------

Wild-type *D. melanogaster* Canton-S strain flies were obtained from the Bloomington Drosophila Stock Center at Department of Biology, Indiana University Bloomington (Bloomington, IN, USA). Fly stocks were maintained in incubators (25°C, 50\~60% humidity) on standard food ([@b11-pnfs-22-293]). Each sample of male flies was collected under CO~2~ anesthesia 2\~5 days before treatment.

Locomotor activity assays
-------------------------

For the behavior assays, herbal extract powder was dissolved in distilled water and mixed into 5% sucrose-2% agar media (Hansol Tech Inc., Seoul, South Korea). The herbal extract was used for treatment at concentrations ranging from 0.25% to 1.0%.

Flies 1 to 4 days old were placed into individual 65-mm glass tubes in the *Drosophila* activity monitoring (DAM) system (TriKinetics Inc., Waltham, MA, USA) under CO~2~ anesthesia. A sleep episode was defined as 5-min bin of uninterrupted quiescence within the DAM system. Activity counts were summed across all wake bins at different concentrations. The flies were subjected to a 3-day acclimation period in the tubes, and recordings were done every 5\~8 days under constant darkness at 25±1°C. Locomotor activity data were collected by DAM management software (TriKinetics Inc.) and visualized by Actogram J software (NIH, Bethesda, MD, USA) as previously described ([@b11-pnfs-22-293]). Sleep analyses were performed at night in the control group and awake groups of 0.1% caffeine dietary intake. Sleep parameters, total activity, duration of sleep, and sleep bouts \[no locomotor activity observed within a 5-min period ([@b12-pnfs-22-293])\], were analyzed using R statistical software (R version 3.1.3, R foundation for Statistical Computing, Vienna, Austria).

Statistical analyses
--------------------

Statistical analyses were performed using SPSS Statistics for Windows, version 12.0 (SPSS Inc., Chicago, IL, USA). Differences between groups were assessed with a one-way analysis of variance (ANOVA) and Tukey's multiple tests (*P*\<0.05). All data are represented as means±standard error of the mean (SEM).

RESULTS
=======

Locomotor activities of *Drosophila* treated with Korean medicinal herbs
------------------------------------------------------------------------

Locomotor activity was measured in the *Drosophila* model to evaluate the sleep activity of Korean medicinal herbs traditionally used as sleep aids. [Fig. 1](#f1-pnfs-22-293){ref-type="fig"} shows the locomotor activity of flies treated with valerian, jujube, and lotus seed extract. The control group had a typical circadian rhythm, which was less active at night and more active during the day. Among the three herbs, the group treated with lotus seed extract showed less nocturnal movement. In particular, the 5-, 10-, and 20-mg treatments of lotus seed extract decreased nocturnal and diurnal locomotor activity compared to the other groups ([Fig. 1](#f1-pnfs-22-293){ref-type="fig"}).

Behavioral changes were measured to determine the sleep activity induced by the other three herbs: *G. elata*, *P. sibiricum*, and *P. cocos*. As shown by the actogram in [Fig. 2](#f2-pnfs-22-293){ref-type="fig"}, nocturnal and diurnal movements tended to be low at high-concentration treatments. In particular, flies treated with *P. sibiricum* showed a lower level of locomotor activity than the others. The 10- and 20-mg treatments of *P. sibiricum* significantly reduced nocturnal locomotor activity compared to the control (*P*\<0.05). *P. sibiricum* and *G. elata* showed a dose-dependent reduction in diurnal locomotor activity ([Fig. 2B](#f2-pnfs-22-293){ref-type="fig"}), although the 1-mg treatment of *G. elata* did not show significantly less locomotor activity than the control group. The above results showed that the lotus seed and *P. sibiricum* extracts exhibit sleep enhancement activity, as the locomotor activity of flies receiving those treatments changed compared to the control group.

Effects of lotus seed and *P. sibiricum* extracts on locomotor activity
-----------------------------------------------------------------------

[Fig. 3](#f3-pnfs-22-293){ref-type="fig"} shows nocturnal locomotor activity, sleep bouts, and total nocturnal sleep in the groups receiving lotus seed or *P. sibiricum* extracts. The locomotor activity of all groups was measured for 5 days using a DAM system ([Fig. 3](#f3-pnfs-22-293){ref-type="fig"}).

The nocturnal locomotor activity and individual sleep bout numbers were significantly decreased by high-dose treatment (10 mg/mL) of the extracts ([Fig. 3](#f3-pnfs-22-293){ref-type="fig"}). Low- and high-dose treatment groups (5 mg/mL) also showed a significant difference in numbers of sleep bouts (*P*\<0.05). Flies that received high-dose treatment with lotus seed and *P. sibiricum* extracts had significantly higher total nighttime sleep than control flies (*P*\<0.05).

Effects of lotus seed and *P. sibiricum* extracts on a caffeine-induced arousal model
-------------------------------------------------------------------------------------

The effects of lotus seed or *P. sibiricum* extracts on 0.1% caffeine-induced *Drosophila* were investigated. Caffeine has been used to induce insomnia because it stimulates arousal behavioral activity and reduces sleep behavior. DAM was used to measure the locomotor activity of control flies and flies treated with caffeine, lotus seed extract, and *P. sibiricum* extract for 5 days ([Fig. 4](#f4-pnfs-22-293){ref-type="fig"}). Caffeine-treated *Drosophila* showed increased locomotor activity and decreased total nocturnal sleep (*P*\<0.05). Flies treated with 10 mg lotus seed or *P. sibiricum* extracts showed significantly different locomotor activity and nocturnal sleep compared to *Drosophila* subjected to caffeine-induced arousal. However, there was no significant difference in locomotor activity, sleep episodes, or sleep time between flies treated with lotus seed and *P. sibiricum* extracts.

DISCUSSION
==========

Herbal/natural products are one of the most common forms of complementary and alternative medicine ([@b13-pnfs-22-293]). They are readily available and are safe for long-term use ([@b14-pnfs-22-293]). However, the mechanisms of action are not understood. The effects of these herbal medicines could not be compared from their results. No research has been conducted to investigate the sleep activities of Korean traditional herbs and the primary effects of their actions on patients with insomnia. In this study, the sleep activity of herbs that have traditionally been used as sleep-enhancing agents in Korea was measured in a *Drosophila* model.

The sleep activity induced by valerian, jujube, lotus seed powder, *G. elata*, *P. sibiricum*, and *P. cocos* was investigated. Due to multicomponent and multitarget actions, herbal medicines generally modulate several neurotransmitter systems, such as GABA, serotonin, and dopamine to treat psychiatric disorders ([@b15-pnfs-22-293]). In search for the molecular mechanism underlying these traditional sleep-remedies, they were investigated for their ability to modulate the GABA~A~ receptor. In traditional herbal medicine, valerian and jujube have been used as sedatives and hypnotic medicines to alleviate insomnia and anxiety ([@b11-pnfs-22-293],[@b16-pnfs-22-293]). Conventional pharmacological treatments for insomnia include benzodiazepines/non-benzodiazepines (GABA~A~ receptor agonists), antidepressants \[serotonin (5-HT)~2~ receptor antagonists\], and antihistamines ([@b17-pnfs-22-293]). Jujube decreases monoaminergic system activity ([@b18-pnfs-22-293]). Valerian extract and the constituent valerenic acid have been shown to modulate the GABA~A~ receptor. Yuan et al. ([@b19-pnfs-22-293]) reported that valerian extracts bound to the GABA receptor *in vitro*, and Dietz et al. ([@b20-pnfs-22-293]) also reported another mechanism of sleep. Valerian extracts had high binding affinity for the 5-HT5A receptor. Sleep potentiating activity of valerian via GABA and 5-HT5A receptor has also been elucidated. Sleep effect of lotus was not reported, but sedative effects of lotus has been reported. Alkaloids of lotus showed a sedative-hypnotic effect by increasing the brain level of GABA, and by binding to the GABA~A~ receptor ([@b20-pnfs-22-293]). In our previous report ([@b21-pnfs-22-293]), *P. sibiricum* contained GABA and tryptophan, which might be major contribute to the sleep promoting activity of the extract. The transcript level of GABA~A~-R2, GABA~B~-R1 receptor, and serotonin receptor mRNA were unchanged in the extract treated rat brain. These results confirmed that the extract possessed the sleep-promoting effect in a vertebrate model and that its GABA and tryptophan can elicit the same kind of pharmacological effects on the central nervous system. Lotus seed and *P. sibiricum* extracts showed higher sleep-potentiating activity than jujube and valerian ([Fig. 1](#f1-pnfs-22-293){ref-type="fig"} and [2](#f2-pnfs-22-293){ref-type="fig"}).

The lotus and *P. sibiricum* extract also showed sleep-potentiating activity in the caffeine-induced *Drosophila* arousal model ([Fig. 4](#f4-pnfs-22-293){ref-type="fig"}). Lotus is a perennial medicinal herb that has been widely used in Oriental medicine for centuries. Most parts, including the flowers, leaves, leaf stalks, seeds, and rhizomes, are used as both food and alternative medicine. Lotus seeds are rich in secondary metabolites such as flavonoids, alkaloids, saponins, tannins, and terpenoids, which have shown anxiolytic activity in various studies ([@b22-pnfs-22-293]). Moreover, many studies have shown that alkaloids exhibit a variety of neuropharmacological activities, such as sedative, anticonvulsant, anti-depression, and neuroprotective effects ([@b23-pnfs-22-293],[@b24-pnfs-22-293]). Thus, lotus seems to have the potential to exert therapeutic activity against central nervous system disorders such as anxiety, depression, and insomnia.

*P. sibiricum*, also known as Hwang Jeong in Korea, is a perennial medicinal herb belonging to the Liliaceae family. In Korea, *P. sibiricum* is widely consumed as tea. The plant has been reported to lower blood glucose and lipid levels and improve immune system activity and prevent aging ([@b25-pnfs-22-293]). However, there is no scientific report on the sleep enhancement activity of water extracts of fresh *P. sibiricum* rhizomes. Various chemical components have been isolated from this species, including steroidal saponins, alkaloids, polysaccharides, flavonoids, and lignins ([@b26-pnfs-22-293],[@b27-pnfs-22-293]). However, two major components of *P. sibiricum*, steroidal saponins and polysaccharides, exhibited extensive physiological activities and were intensively studied.

The rhizomes of *P. sibiricum* have been used as sleep enhancement therapy in folk remedies, but there is no scientific basis for this treatment. As shown in [Fig. 3](#f3-pnfs-22-293){ref-type="fig"} and [4](#f4-pnfs-22-293){ref-type="fig"}, the *P. sibiricum* rhizome has excellent sleep-potentiating activity. In our other results, the sleep potentiating activity of *P. sibiricum* rhizome extract was investigated in a vertebrate model by examining sleep profiles. The extract contains GABA and tryptophan, which can significantly contribute to sleep potentiation. The extract (160 mg/kg) significantly influenced sleep quality in pentobarbital-induced mice ([@b21-pnfs-22-293]).

The above results suggest that both lotus seed and *P. sibiricum* extracts control sleep regulation. Further studies should be conducted to investigate the roles of lotus seed and *P. sibiricum* in sleep latency, quality, and quantity in a vertebrate model, and a molecular level analysis should be conducted to identify sleep mechanisms.
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![Locomotor activity in valerian-, jujube-, and lotus-treated flies. Representative activity record (actogram) of a single fly recording from each treatment group. (A) Typical actograms of flies following doses of valerian (n=16), jujube (n=16), lotus (n=16), and the control (n=20). The average activity was measured at 30-min intervals for 5 days. The black and white bars above the actograms indicate night (22:00 to 10:00) and day (10:00 to 22:00). (B) Activity during subjective day and night. Values are the means±SEM for each group. \*Significant differences at *P*\<0.05 using Student's *t*-test.](pnfs-22-293f1){#f1-pnfs-22-293}

![Locomotor activity in *Poria cocos*-, *Polygonatum sibiricum*-, and *Gastrodia elata*-treated flies. Representative activity record (actogram) of a single fly from each treatment group. (A) Typical actograms of flies following doses of *P. cocos* (n=16), *P. sibiricum* (n=16), *G. elata* (n=16), and the control (n=20). Average activity was measured at 30-min intervals for 5 days. Black/white bars on top of the actograms indicate night (22:00 to 10:00) and day (10:00 to 22:00). (B) Activity during subjective day and night. Values are the means±SEM for each group. \*Significant differences at *P*\<0.05 using Student's *t*-test.](pnfs-22-293f2){#f2-pnfs-22-293}

![Effects of lotus seed and *Polygonatum sibiricum* extracts on the sleep behavior of fruit flies. (A) Subjective nocturnal activity, (B) number of sleep episodes, and (C) duration of subjective nocturnal sleep of the control group (sucrose-agar media group) and the groups receiving 5 mg/mL or 10 mg/mL of extract, as determined by the *Drosophila* Activity Monitoring (DAM) system. Values are the means±SEM for each group. Values not sharing common letters (a--c) are significantly different at *P*\<0.05 using Tukey's multiple comparisons test.](pnfs-22-293f3){#f3-pnfs-22-293}

![Effect of lotus seed and *Polygonatum sibiricum* extracts on fruit flies during caffeine-induced arousal. (A) Nocturnal activity, (B) sleep bout numbers, and (C) total nocturnal sleep of lotus seed and *P. sibiricum* extracts in flies receiving 0.1% caffeine, as measured by the *Drosophila* Activity Monitoring (DAM) system. Values are the means±SEM for each group. Values not sharing common letters (a--c) are significantly different at *P*\<0.05 using Tukey's multiple comparisons test.](pnfs-22-293f4){#f4-pnfs-22-293}
